INTRODUCTION
Several recent accounts have detailed methods for measuring calcium and other ion activities in living cells (e.g. Refs. [1] [2] [3] [4] [5] [6] . These articles are largely directed at biologists who have formulated the problems they wished to study.
This article is not intended as a general survey of techniques but rather to indicate to those with a more chemical background why I have chosen to discuss the measurement of cytoplasmic free calcium, jCa2+]i because, 1) many of the problems are common to all ions, though Ca' has some special features, 2) this is the ion which I have most personal experience, and 3), calcium turns out to have an important regulatory role in almost every type of cell and has widespread importance as an intracellular messenger in many aspects of cell activation. Cell functions regulated by changes in [Ca2+}i include: contraction of muscle, secretion of hormones, release of neurotransmitters, key events in both sperm and egg at fertilization, the regulation of membrane permeability, and the activity of many different enzyme systems (Refs. 7 and 8).
It may be asked, why one should focus on the free Ca2+, when the ions that actually influence cellular process are those bound to the target proteins. The reason is that the binding of Ca2+ to its site of action is some function of the free-concentration and a major way that cells alter the amount of Ca2+ bound to these sites is by altering [Ca2Mi. It is also possible to alter the amount of Ca2+ bound to critical sites even if [Ca2Mi stays constant, by altering the Ca-affinity of those sites. But to establish this ppint one still needs to know what is happening, or not happening, to [Ca1i.
ION DISTRIBUTION ACROSS THE CELL MEMBRANE
Cells are bounded by a thin plasma membrane only about 3 nm thick which separates the cytoplasm from the extracellular medium.
The ionic composition of these two compartments is very different as is shown in Table 1 which gives typical values for extracellular cytoplasmic-free concentrations of some of the most important ions. It can be seen that the cell sits in a solution mainly made up of NaCl and NaHCO3, while in the cytoplasm the major cation is K+.
The main intra-cellular anions are polyvalent organic phosphates, e.g. ATP, and proteins which bear a net negative charge at cytoplasmic pH .
In addition to the large concentration differences for Na+, K and Ca there is an approximately l04-fold inward gradient for Ca2+.
In most cells there is a 'membrane potential' of several tens of millivolts, cytoplasm negative with respect to the external medium.
The normal distribution of ions is maintained by the special properties of the membrane, which presents a hydrocarbon diffusion barrier to hydrophilic solutes, with specific and selective transporter proteins for certain solutes, i.e. it has selective permeability. Some solutes therefore disribute across the membrane much more rapidly than others.
Additionally there are various forms of active transport that can produce a net transfer against the electrochemical gradient, the energy for which is directly or indirectly provided by hydrolysis of ATP.
Examples of these active transporters are the sodium pump which usually transports 3 Na+ out and 2K in for each ATP hydrolysed, and an ATP-fueled calcium pump which pumps out of the cell the calcium which leaks in. Cells also contain many types of subcellular organelles including mitochondria, secretory granules, various forms of endoplasmic reticulum and lysosomes. These organelles are in turn bounded by membranes and have an internal composition that can be very different from that of cytoplasm.
The nucleus is bounded by a membrane with pores large enough to permit the transfer of RNA and so its ionic composition is probably in equilibrium with that of the cytoplasm.
Some organelles are able to accumulate and sequester calcium and are specialised to release it into the cytoplasm on appropriate stimulation. The distribution of calcium is well arranged for its role as a regulator of cytoplasmic processes. A stimulus can rapidly and substantially increase the free concentration by causing an increase in the normally very low calcium permeability of the plasma membrane. Only a small net influx is required to give a large proportional change in [Ca2+}i. A large increase in [Ca2+]j can also be achieved by discharge of calcium sequestered in intracelluTLar organelles.
After a stimulated increase in [Ca2, the resting state can be regained by pumping the additional calcium out of the cell across the plasma membrane and resequestering discharged calcium into the relevant intracellular organelles.
THE TECHNICAL PROBLEMS Table 1 shows the first problem. A calcium detection system useful inside ceJls needs excellent calcium sensitivity and selectivity to pick out lO7M
CaL+ from equivalent concentrations of H+ and very much larger concentrations of Mg2+, Na+ and K+. Additionally one has to consider possible interference from other substances in cytoplasm.
The next problem is that cells are very small. The largest mammalian cells are about 60 um across, the smallest only a few um at their maximum diameter.
Delivery of the detection system into the cytoplasm without wrecking the cells therefore presents a formidable challenge. Yet, even though cells are so small, [Ca2+Ji need not remain uniform throughout the cytoplasm.
The diffusion of Ca2 in cytoplasm is sufficiently slow that localised additions of Ca2+ can result in marked concentration gradients (Refs. 9 & 10). For instance a brief increase in calcium permeability of the plasma membrane may allow an influx of Ca2+ that results temporarily in a "shell" of raised [Ca2+]i just under the membrane but no change in the centre of the cell. Moreover, the influx of calcium may be exceedingly brief lasting only a millisecond or so, and so to detect it an extremely rapidly responding system would be necessary. Quantifying This is most often a complex mixture of organic components, colloqually known as a liquid ion exchanger or sensor, which has the appropriate ion selective properties. Sometimes the mixture is formed into a PVC gel. Only a few microns of the electrode is inserted into the cell, so it is vital that only the very tip of the electrode has ion selective properties, since most of the length of the electrode is exposed to the extracellular solution (see Fig. 1 ).
As with any ion-selective electrode system one has to have an "indifferent"
electrode to give the reference potential. This is often another similar microelectrode simply filled with electrolyte inserted under microscopic control into the same cell. Better, in some respects, is to have a double-barrelled combination microelectrode in which the tip of one barrel contains the ion-selective sensor and the other simply electrolyte. One can then be assured that the indifferent electrode records the appropriate reference potential, necessarily at the same point as the tip of the ion-selective barrel. However, double-barrelled, ion-selective microelectrodes can be especially tricky to make.
With the two electrode tips in the same cell changes in the membrane potential, which are often associated with cell activation, should not effect the differential potential that records the ion activity, since the potential on both reference and ion-selective electrodes will be changed by the same amount, with respect to a second indifferent electrode in the external bathing medium. To give some idea of the dimensions involved, the electrode tip might be 0.5 microns in outer diameter and the cell 30 microns across.
[Ca2+] is obtained by Further details concerning the construction and use of calcium microelectrodes are given in Refs. 14-17.
I shall outline here just a few aspects of making and using Ca-selective microelectrodes. We found an improvement in performance when the sensor is gelled in situ in the electrode tip with l2-l47 PVC and also some benefit from the use of a more hydrophobic salt (Refs. 14 & 16).
The formulation of one of our electrodes of this type is given in the legend to Fig. 2 .
Siliconization
It is obviously vital to avoid electrical leaks in parallel with the sensor.
This is achieved by siliconizing the glass surface prior to filling the tip so that a good electrical seal is made between the glass surface and the hydrophobic sensor.
It is important to achieve good siliconization without reaction products blocking the very fine opening. We do this by drying the glass pipettes at 2000C and then exposing them to Electrode resistance The impedance of ion-sensitive microelectrodes is typically 10-100 giga-ohms (l00 to l01 ohms) and so electrometers with a very high input impedance and very low, stable bias current are required. Since it is difficult to reduce the capacity of the electrode system to less than a few pF the electrical time constant of the system will be 10-1000 msec, so that verx rapid response times are not to be expected. In fact at very low [CaL+] the electrode responses may be diffusion limited giving yet slower responses (Refs. 14, 16).
Size and sharpness
In general, the smaller electrode tip, the better it will impale a cell. However when the tip gets smaller than about 1 urn the performance of the electrode tends to deteriorate, possibly because the unavoidable shunt pathway across the very thin glass of tip becomes larger relative to the interfacial resistance of the exposed sensor (Ref. 16) . One way to improve matters is to sharpen the tip by grinding it an angle to produce a bevelled end. We bevel microelectrodes on a revolving plate of agar gel with fine diamond dust embedded on its surface (Ref. 15 ).
Per formance Properly, one might say that the calcium activity measured inside the cell was the same as the activity in a particular free calcium concentration in the calibrating conditions. In practice one expects that the ionic strength in the calibration solutions will match that inside the cell and that usually the intracellular ionic strength will not change significantly. Ina sense, we use the free concentration in the calibrations to give a standard state that is more relevant to biology than The detailed composition of these solutions is given in Refs (16 & 17) . pCa " denotes a solution with 10 mM EGTA and no added Ca2+. Note that the response to 10 mM Na is tested at pCa 6 and 7. This is a typical value for [Ca2+]i and it can be seen that at pCa7 a few mV interference from Na+ has to be taken into account. The response of aequorin is very much faster than that of Ca-sensitive microelectrodes though it is still not quick enough to follow the fastest [Ca2+]1 transients. As a rough guide it seems that the time constant for an increase in light emission at room temperature is about 10 msec, A major technical problem is delivery into the cytoplasm. Aequorin is a large, complex protein and totally impermeant across cell membranes. It has usually been got into cytoplasm by microinjecting it into individual cells. This is just about as difficult as using ion-selective microelectrodes, and virtually impossible in many small cell types. Other methods of incorporation into cytoplasm have been tried with some success. For example, photoproteins can be incorporated into red blood cell "ghosts"
by lysing the cells in the presence of photoprotein and then making them reseal thus trapping some of it inside. Special procedures employing a virus protein can then make these photoprotein-loaded 'ghosts' fuse with another cell type and so deliver the photoprotein into its cytoplasm (Ref. 27) . In a few cell types (other than red blood cells) it has been possible to make the membrane leaky enough for aequorin to get into the cytoplasm, and then to restore the normal impermeability of the membrane thus trapping some aequorin in the recovered cells (Ref. 28) . Disadvantages of these methods include the fact that there are not at present applicable to many types of cell and that they involve rather drastic perturbations of either cell membrane, or cell contents, or both. They also show large absorbance, and in some cases fluoresence, changes resulting from calcium binding and are thus Ca2+ indicators. These chelators have eight donor sites ranged in almost the same geometry as in the well known calcium-selective chelator EGTA. Fig. 3 shows the structure of a fluorescent member of this series of compounds, quin2. Fluoresence offers a number of advantages for work in living cells including a much greater sensitivity for detection, and reduced interference from light scattering. Most of the work so far done in cells with these indicators has used quin2 (e.g. Refs. 37-37). Fig. 4 shows the fluoresence properties of quin2 that make it suitable as an indicator for [Ca2+Ii. Against a background of cations designed to roughly mimic those in cytoplasm of the cells in which the dye has been most used, the fluoresence intensity increases six fold going on the Ca-free to the Ca-saturated form, without a shift in wavelength.
The apparent Kd is 115 nM and the dye is thus coo- [Ca2+} was then reduced to below 1 nM and Fmin measured.
The resting and stimulated [Ca2+}i were then calculated from the relation shown in Fig. 4 as indicated in this figure.
For cells in suspension the method is relative straightforward and readily allows comparison of changes in [Ca2+]i produced by different stimuli with the altered functions of the cells. The use of quin2 has already provided valuable data for cells in which [Ca2+]i was known from indirect evidence to be an important regulator but had never actually been measured (Refs . There are however a number of limitations and problems that need to be considered. Intracellular quin2 concentrations of 0.5 to 1 mM are needed to get a signal conveniently above the background cell fluorescence. This is because the excitation and emission wavelengths for quin2 come close to those for various fluorescent endogenous compounds including NADPH, and because quin2 has a rather poor extinction coefficient so that the signal is weak. It is expected that related indicators can be designed and synthesised to give a larger fluorescence at longer wavelengths so that cell autofluorescence becomes a negligible part of the signal (Ref. 4) . Indicators with a higher Kd will also be useful to better quantify [Ca2]i in the range 1 to 10 pM expected for some activated cells. Calibration could be greatly facilitated by having a dye that showed a wavelength shift rather altered emission intensity on binding Ca2+ (Refs. 3 & 4).
As with any intracellular probe one has to ask whether the cell effects its behaviour and whether the probe perturbs the cell. The available evidence, detailed elsewhere (Refs. 32 & 33) indicates that the properties of quin 2 are much the same in cytoplasm as in calibration solutions. One point which needs watching is quenching of quin2 fluorescence by heavy metals such as Mn, Cu and Zn. The presence of trace amounts in the physiological saline can interfere with the calibration procedure illustrated in Fig. 5 (Refs. 3 & 33) . It is also possible that intracellular quin2 will chelate heavy metals, which could have two adverse effects.
1) It might interfere with biological activity dependent on these metals, though the normal behaviour of most cells when loaded with quin2 argues that this effect is not serious.
2) Quenching of the fluorescence signal could lead to under-estimates of [Ca2+]i. The available data suggest this is not usually a major problem at quin2 contents around 1 mM, probably because the amount of quin2 bound by heavy metals is then a negligible proportion of the total.
In most of the cells tested there has been little evidence of toxicity, though certain adverse effects of quin2 loading into lymphocytes are reported in Ref. The biological data reported so far is confined to an 
